arXiv: 1502.06473vl [hep-ph] 23 Feb 2015 


February 24, 2015 


Testing Lorentz invariance in orbital electron capture 

K. K. Vos,^ H. W. Wilschut,^ and R. G. E. Timmermans^ 

^ Van Swinderen Institute for Particle Physics and Gravity, 

University of Groningen, Nijenborgh 4 , 

9747 AG Groningen, The Netherlands 
(Dated: February 24, 2015) 

Abstract 

Searches for Lorentz violation were recently extended to the weak sector, in particular neutron 
and nuclear ft decay [T]. From experiments on forbidden /3-decay transitions strong limits in the 
range of 10“®-10“® were obtained on Lorentz-violating components of the IV-boson propagator [2]. 
In order to improve on these limits strong sources have to be considered. In this Brief Report we 
study isotopes that undergo orbital electron capture and allow experiments at high decay rates and 
low dose. We derive the expressions for the Lorentz-violating differential decay rate and discuss 
the options for competitive experiments and their required precision. 
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Introduction .— Motivated by insights that Lorentz and CPT invariance can be violated 
in nnifying theories of particle physics and qnantnm gravity, a theoretical framework was 
developed in Refs. BE] to stndy Lorentz violation in the weak gange sector in nentron 
and (allowed and forbidden) nnclear (3 decay. This approach, which parametrizes Lorentz 
violation by adding a complex tensor to the Minkowski metric, inclndes a wide class of 
Lorentz-violating effects, in particular contributions from a modihed low-energy hh-boson 
propagator or from a modihed vertex L^ = 

Limits on Lorentz violation were subsequently extracted from experiments on allowed 
and forbidden [2] (3 decay, pion [Hl[7], kaon |S], and muon decay |S]. 

The strongest bounds on components were obtained [2] from forbidden-/3-decay ex¬ 
periments mm and range from 10 ®-10 ® on different linear combinations. These bounds 
were translated in limits on parameters of the Standard Model Extension [12], which is the 
most general effective held theory for Lorentz and CPT violation at low energy. Specihcally, 
= —^00 — i k'^/2g in terms of parameters in the Higgs and hP-boson sector, where g is 
the SU(2) electroweak coupling constant [1]. The resulting bounds on linear combinations 
of ^00 and can be found in Ref. [2] and in the 2014 Data Tables in Ref. [T3|. The best 
bounds from allowed (3 decays are 0(10“^) |ll|5| and from pion decay 0(10“"^) [ 6 ]. 

When seeking further improvement, one should realize that the bounds from forbidden f3 
decay benehted from the use of high-intensity sources. Such strong /3-decay sources, however, 
are hazardous because they have high disintegration rates (Bq) and high doses (Sv). In this 
Brief Report we consider orbital electron capture la, because the pertinent sources can give 
high decay rates at a low dose. We hrst derive the theoretical expression for the differential 
decay rate including Lorentz violation. Next, we discuss the experimental possibilities to 
constrain the various components y^*^. Finally, we explore which isotopes are suitable for a 
competitive measurement. We end with our conclusions. 

Decay rate .— We consider allowed iP-orbital electron capture [15] mediated by hP-boson 
exchange with a propagator that includes y^^. We follow the notation and conventions 
of Ref. [I] (h = c = 1). The derivation of the two-body capture decay rate is similar 
to the calculation of allowed f3 decay [1], but with the electron in a bound state with 
binding energy \Ek\. Since Lorentz violation results in unique experimental signals, we 
restrict ourselves to the allowed approximation with a nonrelativistic electron wave function 
with '0e(^ = 0) = Z'^/ (vroQ) Xs^i where Z is the atomic number of the parent nucleus. 
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ao = l/{ame) is the Bohr radius, and Xs^ is a Pauli spinor. The neutrino is emitted with 
momentum k with |fc| = E^, and the recoiling daughter nucleus has momentum = —k 
and kinetic energy T^. Because = Q — \Ek\ —T^ — Q, the Q-value of the reaction, the 
recoil energy is Tr ~ Q‘^/{2Mr), which is typically 1-10 eV. 

The differential decay rate is given by 



( 1 ) 


with Nk = 2 the number of iP-shell electrons. We dehne ^ = 2Cy{l)‘^ + 2C\{a)‘^, x = 
2 Cy{ 1)‘^y = 2 CvCa{^) W)/^, and 2 ; = 1 — x = 2C^(cr)^/^, where Cy = Gpcos 6clV2 and 
Ca — —1.27 Cy are the vector and axial-vector coupling constants; Mp = (1) and Mgt = (o') 
are the Fermi and Gamow-Teller reduced nuclear matrix elements. For a polarized source 
we hnd for the Lorentz-violating decay rate 


dW = dW^ y(l + Bk-iy2 

+ t + loi ■ fc + 102 ■ i + Tf”* , (2) 


where dW^ = {Z/aoYE^dfl^ ^/{27i^), k = k/E^, and I is the nuclear polarization axis. Latin 
indices run over the three spatial directions, with summation over repeated indices implied. 
The Lorentz-violating tensors for electron capture read, in terms of the components 


« = (a - c/2) xf' . 

•“i = -^X? - «(1 + 3A*^V2)(Xi - \'J°)/3 , 
ml = -9A.(x“ - xf) + , 

rf"* = 3cxj72 , 

= Ax';°SX2 - + xfe«‘)/2 + yXAXr’ + X?*«**') . 

gk,nj ^ _ ypfkiky2 . 


(3a) 

(3b) 

(3c) 

(3d) 

(3e) 

(3f) 


The subscripts r and i denote the real and imaginary parts, respectively, of x^'^ = + 

and y = y _ correlation coefficients [TBllTH] that appear are 


a = {Ax — l)/3 , c = , A = — 2?/A^ , B = — 2yAz . (4) 


The angular-momentum coefficients A*^^\ and A^ are given in the Appendix. We 


absorbed a factor A*^^y3 in c and a factor (m) /j in A and B [T]. 
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Eq. ([^ reduces to the simple V — A expression for the electron-capture decay rate when 
the Lorentz-violating parameters are set to zero. In particular, the B term in the hrst line 
of Eq. ([^ is the correlation between the spin of the parent nucleus and the recoil direction 
of the daughter nucleus discussed in Refs. [iniEo]. The second line of Eq. (|^ gives Lorentz- 
violating, frame-dependent contributions to the decay rate. 

Observables .— From Eq. ([^ we see that the possibilities to test Lorentz invariance in 
electron capture lie in measuring the decay rate as function of either the nuclear polariza¬ 
tion or the recoil momentum, or both. We restrict ourselves to dimension-four propagator 
corrections, for which holds pQ. (The tensor may contain higher¬ 

dimensional, momentum-dependent terms, but such terms are suppressed by at least one 
power of the W-boson mass.) Since y is traceless, this gives a total of 15 independent 
parameters, of which at present only Xi^ are unconstrained. The y°° term will not be con¬ 
sidered, because it can only be accessed when comparing capture or /3-decay rates between 
particles at rest and with a large Lorentz boost factor 7 S> 1. In addition, we specialize to 
the suitable isotopes (identihed below), which decay by Gamow-Teller transitions, and for 
simplicity we assume that the source has vector polarization. This leaves 


dW = 


1 + Bk-l 


- + ) (y] - yf )fc^' -t- Ax^ - Axi^kA^ - Axf{k x ly 


(5) 


where for pure Gamow-Teller decays A = —B = A^). The different components x^^' can be 
accessed by measuring asymmetries. We give three examples. 

(i) Xi^ can be obtained from y*, which can be measured from an asymmetry that depends 
on the nuclear polarization, viz. 

w- - W+ 


Ai = 


r 


k Tk 


= -Axt I 


( 6 ) 


r+ + r- W+ + W 

where A contains the degree of polarization of the source and and are the lifetime and 
decay rate, respectively, in two opposite polarization directions ±. Such an experiment only 
requires to flip the spin of the sample and observe the change in decay rate. For a discussion 
on using the direction of polarization to reduce systematic errors, see Ref. |3]. In general, the 
observables must be expressed in a standard inertial frame, for example the Sun-centered 
frame [13]. In the laboratory frame Ai will vary with G, the angular rotation frequency of 
Earth, and the results depend on the colatitude ( of the site of the experiment n, cf. Fig.|g 
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FIG. 1. The oscillation of the asymmetries in Eqs. (§ and Q as function of sidereal time, for 
\x^''\ = 0.1, ^ = 1, and colatitude C = 45°. To avoid a constant offset of the signal, we assumed 
polarization in the east-west (y) direction. For Air, k was taken in the laboratory z direction, i.e. 
perpendicular to Earth’s surface. 



In practice one searches for these variations as fnnction of sidereal time in order to isolate 
the Lorentz-violating signal and to reduce systematical errors. 

{ii) The asymmetry of the recoil emission direction in an unpolarized sample is given by 


^ _ W{-k) - W{k) 
" ~ W{-k) + W{k) 


- x?)y . 


(7) 


which requires measuring the recoil direction of the daughter nucleus. In this experiment 
it is necessary to rotate the setup as a whole to isolate the Lorentz-violating signal and 
reduce systematic errors, as was done in Refs. mm- Ai and Ar have the same sidereal 
frequency, but they can differ in phase. 

{in) When measurements of the recoil direction and polarization are combined, electron 
capture also offers the possibility to constrain the parameters for which no bounds have 
been set so far. Such an experiment should measure ^ similar to a triple-correlation 
experiment to measure time-reversal violation in 13 decay. For example, the asymmetry 


Air — 


W{-k)+W{k)- - W{-k)-W{k)- 
W{-k)+W{k)- + W{-k)-W{ky 


= 2/l(xy + X'f 


( 8 ) 


where k is measured perpendicular to I, contains both xt^- The hrst term also 

produces sidereal oscillations with frequency 2f2. The difference for the asymmetries in 
Eqs. and ([^ is illustrated in Fig. 
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Isotopes .— The most stringent bounds found for a single component so far are at a 
level of 0(10“®), other components are at least as small as 0(10“®) [2]. Most of the existing 
bounds concern linear combinations of several components so that cancellations are in 
principle possible. Assuming maximal hne-tuning, the best bound for a real component is 
0(10“®) and for an imaginary term 0(10“^) [21]. To achieve the highest statistical relevance 
very strong sources should be considered. In order to reach 10“® statistical accuracy a source 
with a strength in the order of Curies (1 Curie-year ~ 10^® disintegrations) is required. For a 
high-statistics experiment a source that decays exclusively by electron capture is attractive, 
because the emission of ionizing radiation is strongly reduced: only X-ray emission and Auger 
electrons are involved. The most energetic radiation is due to internal bremsstrahlung, which 
is suppressed by at least the fine-structure constant. 

A list of possible isotopes is given in Table |T| Which isotope is the most suitable depends on 
the detection and production method. The decay rate can be measured from the ionization 
current due to Auger processes and the shake-off of electrons that follows capture. This 
requires that the radioactive isotopes are available as atoms, possibly in a buffer gas. In this 
way one can polarize nuclei via optical pumping. The four isotopes for which this strategy is 
feasible are indicated in Table [T] To observe the nuclear polarization, internal bremsstrahlung 
can be used, which is anisotropic with respect to the spin direction [22l [23] . 

Because there are only four options we discuss the production of these isotopes separately: 

• ®^Ar can be produced in a reactor via the reaction ^®Ca(n,Q:)®^Ar. A source of 35 
mCi was produced from 0.4 g of CaCOa for a transient NMR experiment m to test 
the linearity of quantum mechanics [25]. An alternative method would be proton 
activation. A cyclotron beam of 25 MeV protons on ®^C1 allows for a production of 
10^ Bq//iAh [2n] , so that a source of one Curie can be produced well within a week. 

• The production of ^®^Cs was developed for brachytherapy. Neutron and proton activa¬ 
tion are both options. Neutron activation is possible by using ^®®Ba m, and proton 
activation by using Xe or Ba isotopes, which gives a yield of > 10^ Bq//rAh [28] . 
Commercial sources are available. Cs can be separated well from other radioactive 
by-products. 

• ^®®Ho is an isotope of interest for measuring the neutrino mass, and is studied by for 
instance the ECHo collaboration [29]. The production of Ho has been considered in 
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Isotope 

H/2 [s] 

Q [keV] 

j TTi —^ 


37Ar 

3.0 X 10® 

814 

3+ , 3 + 

2 2 

/ 

49y 

2.9 X lOi” 

602 

7- ^ 7- 
2 ^2 


55Fe 

8.6 X 10'^ 

231 

3- , 5- 

2 2 


7iGe 

9.9 X 103 

232 

1- ^ 3- 
2 ^2 


131 Cs 

8.4 X 103 

355 

5+ . 3 + 

2 2 

/ 

163Ho 

1.4 X IQii 

2.6 

7- ^ 5- 
2 ^2 

/ 

i65Er 

3.7 X 10^ 

376 

5- , 3- 

2 2 

/ 

i™Ta 

5.7 X IQi' 

106 

7+ , 9 + 

2 2 


53Mn 

1.2 X IQi^i 

597 

7- ^ 3- 
2 ^2 


97Tc 

1.3 X IQi^i 

320 

9+ , 3 + 

2 2 


i37La 

1.9 X 10i2 

621 

7+ , 3 + 

2 2 


205 pp 

5.5 X IQi'i 

51 

5- ^ 1 + 

2 ^2 



TABLE I. Isotopes that decay exclusively by orbital electron capture to a stable ground state. 
The top eight are relatively short-lived species that decay via allowed transitions, the bottom four 
are long-lived isotopes that undergo forbidden transitions. ^®^Ho is long-lived because of the very 
low Q-value. The isotopes check-marked in the last column can be polarized directly by optical 
pumping, or possibly also via an optically-pumped buffer gas. 

detail [3U]. The maximal production rate is projected to be about 10^ Bq/h, which is 
insufficient for a competitive measurement to test Lorentz invariance. 

• ^®®Er can be produced with a proton beam on a Ho target [31] with a yield of 10® 
Bq//iAh. In view of its short half-life of 10 h, this is the only practical method. 
Although the production is sufficient, radioactive Ho is a by-product and Er cannot 
be separated effectively from Ho. 

We conclude that ®^Ar and ^®^Cs are the only viable isotopes to obtain competitive values 
for x^'^- ^^Ar has the lowest ionizing yield and in this respect may be preferred. It can 
be polarized via a buffer gas, or by hrst exciting the atom into the metastable state. In 
Ref. [231 the ®^Ar nuclei were polarized by spin exchange with optically-pumped K atoms 
and a nuclear polarization of 56% was achieved. 


7 












The experimental apparatus for a measurement of Air in Eq. ([^ could be based on that 
used to measure the recoil in electron capture of ^^Ar, Erst used to verify the existence of 
neutrinos [52] • In particular, the crossed-field spectrometer developed at that time [55] can 
be read with modern electronics and adapted to include polarization of ^^Ar. It is necessary 
to detect ionization currents instead of counting the recoils in order to accommodate the 
high event rate if one wants to aim for an accuracy of 10“®. However, because there are no 
limits yet on x|°, such an experiment would immediately produce new results with a much 
more modest effort, while allowing to investigate the systematic errors that will limit the 
ultimate high-statistics and high-precision experiments. 

Conclusions .— We have explored the potential of orbital electron capture to put limits 
on Lorentz violation in f3 decay. The limits set in earlier work [2] are already so strong 
that high-intensity sources are required. A source with a strength of at least one Curie that 
decays solely by electron capture may allow such experiments. Our survey limits the choice 
to ^^Ar and possibly ^^^Cs. The theoretical formalism for such experiments was developed, 
following Ref. [I] , in a form applicable to any allowed electron-capture process. For one set 
of parameters quantifying Lorentz violation, no bound has been obtained as yet. These can 
be accessed in an experiment that measures the recoil from the neutrino emitted from a 
polarized nucleus, thus producing a new result while testing the viability of the suggested 
experimental program. 
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Appendix .— The angular-momentum coefficients in Eqs. (3b), (3c), (3e), and (|^ are 

(j' = J - 1) 


A(') = 




^ if = J - 1) 

kk (j'=(f=J) 


J 

i+1 


if = J + 1) 


A. = 


(m) 

j 


J 


J + 1 


-h 




(i+l)(2i+3) 


if = J + 1) 


(9) 

where j and j' denote the initial and final nuclear spin, respectively, and (m) and (m^) denote 
the incoherent average of m and over the populations of the states m = —j ,..., j. A*^^) 

















vanishes for unpolarized sources and for decays with j = j' = \- 


[1] J. P. Noordmans, H. W. Wilschut, and R. G. E. Timmermans, Phys. Rev. C 87, 055502 
(2013). 

[2] J. P. Noordmans, H. W. Wilschut, and R. G. E. Timmermans, Phys. Rev. Lett. Ill, 171601 
(2013). 

[3] H. W. Wilschut et al, Ann. Phys. (Berlin) 525, 653 (2013). 

[4] S. E. Muller et al., Phys. Rev. D 88, 071901(R) (2013); A. Sytema et al., in preparation. 

[5] K. Bodek et al., PoS, XLANSPA, 029 (2014). 

[6] B. Altschul, Phys. Rev. D 88, 076015 (2013). 

[7] J. P. Noordmans and K. K. Vos, Phys. Rev. D 89, 101702(R) (2014). 

[8] K. K. Vos, J. P. Noordmans, H. W. Wilschut, and R. G. E. Timmermans, Phys. Lett. B 729, 
112 (2014). 

[9] J. P. Noordmans, C. J. G. Onderwater, H. W. Wilschut, and R. G. E. Timmermans, submitted. 

[10] R. Newman and S. Wiesner, Phys. Rev. D 14, 1 (1976). 

[11] J. D. Ullman, Phys. Rev. D 17, 1750 (1978). 

[12] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55 , 6760 (1997); ibid. 58 , 116002 (1998); D. 
C. Colladay, Ph.D. thesis, Indiana University (1998). 

[13] V. A. Kostelecky and N. Russell, Rev. Mod. Phys. 83, 11 (2011); 2014 edition: 0801.0287v7 
[hep-ph]. 

[14] W. Bambynek et al.. Rev. Mod. Phys. 49, 77 (1977); ibid. 49, 961(E) (1977). 

[15] E. J. Konopinski, The theory of beta radioactivity (Clarendon Press, Oxford, 1966). 

[16] J. D. Jackson, S. B. Treiman, and H. W. Wyld, Phys. Rev. 106, 517 (1957). 

[17] P. Herczeg, Prog. Part. Nucl. Phys. 46, 413 (2001). 

[18] N. Severijns, M. Beck, and O. Naviliat-Cuncic, Rev. Mod. Phys. 78, 991 (2006). 

[19] S. B. Treiman, Phys. Rev. 110, 448 (1958). 

[20] H. Frauenfelder, J. D. Jackson, and H. W. Wyld, Phys. Rev. 110, 451 (1958). 

[21] J. P. Noordmans, Ph.D. thesis. University of Groningen (2014). 

[22] R. L. Intemann, Phys. Rev. C 3, 1 (1971). 

[23] J. Vanhaverbeke et al., Hyperfine Int. 43, 373 (1988). 


9 



[24] M. L. Pitt, Ph.D. thesis, Princeton University (1992). 

[25] S. Weinberg, Phys. Rev. Lett. 62 , 485 (1989); Ann. Phys. 194 , 336 (1989). 

[26] R. Kishore, R. Colle, S. Katcoff, and J. B. Gumming, Phys. Rev. C 12, 21 (1975). 

[27] N. Otuka et al, Nuclear Data Sheets 120 , 272 (2014). 

[28] F. Tarkanyi, F. Ditroi, B. Kiraly, S. Takacs, A. Hermanne, H. Yamazaki, M. Baba, A. Mo- 
hammadi, and A.V. Ignatyuk, Appl. Radiat. Isot. 68, 1869 (2010). 

[29] L. Gastaldo et al, J. Low Temp. Phys. 176 , 876 (2014). 

[30] J. W. Engle, E. R. Birnbaum, H. R. Trellue, K. D. John, M. W. Rabin, and F. M. Nortier, 
Nucl. Instr. Meth. Phys. Res. B 311 , 131 (2013). 

[31] N. Zandi, M. Sadeghi, and H. Afarideh, J. Radioanal. Nucl. Ghem. 295 , 923 (2013). 

[32] G. W. Rodeback and J. S. Allen, Phys. Rev. 86, 446 (1952). 

[33] O. Kofoed-Hansen, Phys. Rev. 96 , 1045 (1954). 


10 



